Carbon catabolite repression refers to the preference of microbes to metabolize certain growth substrates over others in response to a variety of regulatory mechanisms. Such preferences are important for the fitness of organisms in their natural environments, but may hinder their performance as domesticated microbial cell factories. In a Pseudomonas putida KT2440 strain engineered to convert lignin-derived aromatic monomers such as p-coumarate and ferulate to muconate, a precursor to bio-based nylon and other chemicals, metabolic intermediates including 4-hydroxybenzoate and vanillate accumulate and subsequently reduce productivity. We hypothesized that these metabolic bottlenecks may be, at least in part, the effect of carbon catabolite repression caused by glucose or acetate, more preferred substrates that must be provided to the strain for supplementary energy and cell growth. Using mass spectrometry-based proteomics, we have identified the 4-hydroxybenzoate hydroxylase, PobA, and the vanillate demethylase, VanAB, as targets of the Catabolite Repression Control (Crc) protein, a global regulator of carbon catabolite repression. By deleting the gene encoding Crc from this strain, the accumulation of 4-hydroxybenzoate and vanillate are reduced and, as a result, muconate production is enhanced. In cultures grown on glucose, the yield of muconate produced from p-coumarate after 36 h was increased nearly 70% with deletion of the gene encoding Crc (94.6 ± 0.6% vs. 56.0 ± 3.0% (mol/mol)) while the yield from ferulate after 72 h was more than doubled (28.3 ± 3.3% vs. 12.0 ± 2.3% (mol/mol)). The effect of eliminating Crc was similar in cultures grown on acetate, with the yield from p-coumarate just slightly higher in the Crc deletion strain after 24 h (47.7 ± 0.6% vs. 40.7 ± 3.6% (mol/mol)) and the yield from ferulate increased more than 60% after 72 h (16.9 ± 1.4% vs. 10.3 ± 0.1% (mol/mol)). These results are an example of the benefit that reducing carbon catabolite repression can have on conversion of complex feedstocks by microbial cell factories, a concept we posit could be broadly considered as a strategy in metabolic engineering for conversion of renewable feedstocks to value-added chemicals.
Introduction
To successfully compete in the environmental niches they occupy, most microorganisms have developed innate preferences for certain growth substrates over others. This phenomenon has been singularly termed carbon catabolite repression (CCR), but the mechanisms that govern these preferences are as diverse as the organisms in which they have evolved (Reviewed in Görke and Stülke (2008) ).
In pseudomonads, a preference for organic acids and amino acids over glucose, which is generally preferred over hydrocarbons and aromatic compounds, is imparted by a complex combination of global and operon-specific mechanisms (Reviewed in Rojo (2010) ). Perhaps the most important of these mechanisms is the action of the Crc (catabolite repression control) protein, a global regulator that inhibits translation of targeted mRNAs by binding near ribosome binding sites. This binding occurs in association with another protein, Hfq, at catabolite activity (CA) sequence motifs that contain a AANAANAA core and the presence of Crc, Hfq, and the CA motif is essential for Crc regulation (Moreno et al., 2014 (Moreno et al., , 2009b Sonnleitner et al., 2009 Sonnleitner et al., , 2012 . Crc has been shown to target catabolic pathways directly, by inhibiting translation of mRNAs encoding the enzymes themselves, and indirectly, by inhibiting translation of mRNAs encoding transcriptional regulators that drive expression of genes encoding catabolic enzymes as well as transporters required for substrates to enter the cell (Hernández-Arranz et al., 2013) .
CCR is undoubtedly important for the fitness of saprophytic soil bacteria like Pseudomonas putida KT2440, which is well-suited for its native environment because of its ability to judiciously degrade a wide range of natural and xenobiotic substrates, including those derived from the three major fractions of plant biomass, namely cellulose, hemicellulose, and lignin. Lignin is a heterogeneous polymer of aromatic monomers that is an important component of the plant cell wall and can account for up to 40% of the carbon in terrestrial biomass (Ragauskas et al., 2014; Zakzeski et al., 2010) . We have recently reported the development of P. putida KT2440-based biocatalysts for conversion of lignin monomers such as p-coumarate and ferulate to muconate ( Fig. 1) Vardon et al., 2016 Vardon et al., , 2015 , which can be converted to adipic acid (Vardon et al., 2015 and diethyl terephthalate (Lu et al., 2015) , precursors to the commodity plastics nylon and polyethylene terephthalate, respectively. Muconate can also be utilized directly or partially hydrogenated to produce novel materials (Rorrer et al., , 2017 . p-Coumarate and ferulate are common, ester-linked hydroxycinnamic acids in lignin (Vanholme et al., 2010) and represent the predominant monomeric, lignin-derived species generated by alkaline treatment of herbaceous feedstocks, such as corn stover and switchgrass, accounting for up to 40%, on a mass basis, of the solubilized lignin (Karp et al., 2014 (Karp et al., , 2015 Munson et al., 2016) . The resulting liquor also contains organic acids including sugar degradation products and acetate from acetyl groups in hemicellulose. In the conversion of lignin to a product such as muconate, we envision that lignin monomers would be converted to the targeted product while other substrates, such as residual organic acids or carbohydrate-derived products, could be utilized to generate energy and carbon required for growth . However, such a strategy could be problematic in light of the preference of P. putida KT2440 for organic acids and sugars over aromatic molecules such as those derived from lignin.
During production of muconate from p-coumarate or ferulate, cultures of our engineered P. putida KT2440 strain, KT2440-CJ102, growing on glucose or acetate exhibit a marked accumulation, respectively, of 4-hydroxybenzoate (4-HBA) and vanillate. These intermediates are converted to protocatechuate (PCA), which is further metabolized, in this engineered strain, to produce muconate via catechol ( Fig. 1) (Vardon et al., 2015 . Interestingly, both the 4-HBA hydroxylase, PobA, and the vanillate demethylase, VanAB, that convert these molecules to PCA have been identified as putative targets of Crc regulation (Browne et al., 2010; Hernández-Arranz et al., 2013; Morales et al., 2004 ). Here we have confirmed these predictions using mass spectrometry (MS)-based proteomics and demonstrated that deletion of the gene encoding Crc enhances metabolism of both 4-HBA and vanillate, leading to enhanced muconate production from p-coumarate or ferulate when either glucose or acetate are supplied as a source of carbon and energy.
Materials and methods

Deletion of crc
Construction of P. putida KT2440-CJ102 (ΔcatRBCA::Ptac:catA ΔpcaHG::Ptac:aroY) has been described previously . The crc gene was deleted from P. putida KT2440-CJ102 using the antibiotic selection/sucrose counter-selection method (Blomfield et al., 1991) . To construct the suicide vector for this deletion, 1000 bp targeting regions 5' and 3' of the crc gene (PP_5292, GenBank: AE015451.1:6039987..6040766) were amplified from P. putida KT2440 gDNA using Q5
® Hot Start High-Fidelity 2X Master Mix (New England Biolabs) and primer pairs oCJ255 (5'-AACAGCTATGACATGATT ACGAATTCGTAGCGTAGTGTGACTTGAAGGGCACAC-3') & oCJ256 (5'-TTGCGGCCGCAAATGGCCCCATAAATCTCGTGCGTGTATG-3') and oCJ257 (5'-GGGGCCATTTGCGGCCGCAAGGCCATTGGGGCTGCATTG-3') & oCJ258 (5'-GCCTGCAGGTCGACTCTAGAGGATCCGCTTCCTCAA-AGGCCAGGGC-3'), respectively, synthesized by Integrated DNA Technologies (IDT). These fragments were then assembled into pK18mob-sacB (ATCC 87097) (Schäfer et al., 1994) (Choi et al., 2006) . Isolates in which the plasmid had recombined into the genome were selected on LB (Lennox) plates supplemented with 50 μg/mL kanamycin. Subsequent counterselection for recombination of the plasmid out of the genome was performed on YT+25% sucrose plates containing 10 g/L yeast extract, 20 g/L tryptone, 250 g/L sucrose, and 18 g/L agar, as described previously (Johnson and Beckham, 2015) . Isolates in which the crc gene was deleted were identified by amplification of a 2046 bp product (rather than the 2826 WT product) using primers oCJ261 (5'-GCCAT-GAATAGCTGCTCC-3') & oCJ262 (5'-GGTCAGCGTTGAAAACGG-3') in diagnostic colony PCR with MyTaq™ HS Red Mix (Bioline). It was also noted that isolates in which crc had been deleted formed smaller colonies relative to those expressing Crc, consistent with a lower growth rate in complete media that has been previously described and attributed to the preferential use of amino acids imparted by Crc (La Rosa et al., 2016; Moreno et al., 2009a) . The resulting KT2440-CJ102-dervied strain in which crc had been deleted was designated KT2440- Fig. 1 . Crc regulation of metabolic pathways for production of muconate in the engineered strain, P. putida KT2440-CJ102 . The lignin monomers pcoumarate and ferulate are metabolized via protocatechuate, which is redirected to catechol by deletion of pcaHG and integration of aroY, which encodes a protocatechuate decarboxylase from Enterobacter cloacae (Vardon et al., , 2015 . Catechol then undergoes intradiol ring cleavage by action of the CatA and CatA2 dioxygenases to form cis,cis-muconate, which accumulates due to deletion of catB and catC. Putative targets of Crc regulation are shown (Browne et al., 2010; Hernández-Arranz et al., 2013; Morales et al., 2004 ).
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Culture growth
To identify targets of Crc regulation by MS-based proteomics, cultures were grown shaking at 225 rpm, 30°C in LB (Lennox) medium overnight, centrifuged, and resuspended in M9 minimal medium and these cells were used to inoculate 125 mL baffled flasks containing 25 mL M9 minimal media (pH 7.2) consisting of 6.78g/L Na 2 HPO 4 , 3g/ L KH 2 PO 4 , 0.5g/L NaCl, 1g/L NH 4 Cl, 2 mM MgSO 4 , 100 μM CaCl 2 , and 18 μM FeSO 4 supplemented with 20 mM p-coumaric acid (SigmaAldrich) or trans-ferulic acid (Sigma-Aldrich) and 10 mM glucose (Sigma-Aldrich) or 30 mM sodium acetate (Sigma-Aldrich) to an optical density at 600 nm (OD 600 ) of 0.1, in triplicate. These cultures were incubated shaking at 225 rpm, 30°C until reaching an OD 600 of 0.6. The cultures were then centrifuged, the supernatants were aspirated, and the cells pellets were washed once in 1 mL sterile 1X M9 salts (6.78g/L Na 2 HPO 4 , 3g/L KH 2 PO 4 , 0.5g/L NaCl, 1g/L NH 4 Cl) and frozen at −80°C until being analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) for protein identification.
Shake flask experiments to evaluate metabolism of p-coumarate and ferulate were also performed in triplicate as above, but rather than being harvested at OD 600 0.6, the cultures were incubated further and sampled periodically to evaluate pH, growth by measurement of the OD 600 , and metabolite concentrations using high performance liquid chromatography (HPLC). Cultures grown on glucose were fed an additional 10 mM glucose every 12 h following sampling and the pH was adjusted back to 7.0 by the addition of NaOH when the pH was ≤ 6.0. Cultures grown on sodium acetate were fed an additional 30 mM sodium acetate after sampling at 12 h, at which point the pH was 7.3-7.7. After sampling every 12 h thereafter, the pH was found to have risen to 7.9-8.6 with the consumption of the acid, so 30 mM acetic acid was added to feed the cultures and to return the pH to 6.6-7.0.
Protein extraction and digestion
Cell pellets collected for proteomics by LC-MS/MS were suspended in lysis buffer (4% sodium deoxycholate (SDC) and 10 mM dithiothreitol (DTT) in 100 mM of NH 4 HCO 3 ) and Halt protease inhibitor cocktail (Thermo Fischer Scientific) and then boiled for 5 min, sonically disrupted (30% amplitude, 10 s pulse with 10 s rest, 2 min total pulse time) and boiled for an additional 5 min. Crude protein extract was precleared via centrifugation, and quantified by BCA assay (Pierce Biotechnology). Three milligrams of crude protein extract were placed on top of a 10 kDa cutoff spin column filter (Vivaspin 2, GE Health) and cysteines were blocked with iodoacetamide (30 mM) to prevent reformation of disulfide bonds. Samples were then centrifuged for 15 min at 4500g to remove small molecules. The protein extract was washed once with 100 mM NH 4 HCO 3 and then suspended in 500 µL of 100 mM NH 4 HCO 3 to adjust the final volume to 2% SDC. Proteins were digested via two aliquots of sequencing-grade trypsin (Promega, 1:50 [w:w] ) at two different sample dilutions, 2% SDC (overnight) and subsequent 1% SDC (3 h). Following digestion, peptides were filtered through the 10 kDa cutoff spin column. The collected peptide mixture was adjusted to 0.5% formic acid to precipitate SDC. Hydrated ethyl acetate was added to each sample at a 1:1 [v:v] ratio three times to effectively remove SDC. Samples were then placed in a SpeedVac Concentrator (Thermo Fischer Scientific) to remove ethyl acetate and further concentrate the sample. The peptide-enriched flow through was quantified by BCA assay, desalted on RP-C18 stage tips (Pierce Biotechnology) and then stored at −80°C.
LC-MS/MS analysis
All samples were analyzed on a Q Exactive Plus mass spectrometer (Thermo Fischer Scientific) coupled with a Proxeon EASY-nLC 1200 liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 75 µm inner diameter microcapillary column packed with 35 cm of Kinetex C18 resin (1.7 µm, 100 Å, Phenomenex). For each sample, a 2 μg aliquot was loaded in buffer A (0.1% formic acid, 2% acetonitrile) and eluted with a linear 60 min gradient of 2-20% of buffer B (0.1% formic acid, 80% acetonitrile), followed by an increase to 40% buffer B within 10 min and afterwards a 10 min wash at 98% buffer A. The flow rate was kept at 250 nL/min. MS data were acquired with the Thermo Xcalibur software version 4.27.19, a topN method where N could be up to 15. Target values for the full scan MS spectra were 1 × 10 6 charges in the 300-1500 m/z range with a maximum injection time of 25 ms. Transient times corresponding to a resolution of 70,000 at m/z 200 were chosen. A 1.6 m/z isolation window and fragmentation of precursor ions was performed by higherenergy C-trap dissociation (HCD) with a normalized collision energy of 30 eV. MS/MS scans were performed at a resolution of 17,500 at m/z 200 with an ion target value of 1 × 10 6 and a maximum injection time of 50 ms. Dynamic exclusion was set to 45 s to avoid repeated sequencing of peptides.
Peptide identification
MS raw data files were searched against the P. putida Uniprot FASTA database to which common contaminate proteins had been added. A decoy database, consisting of the reversed sequences of the target database, was appended in order to discern the false-discovery rate (FDR) at the spectral level. For standard database searching, the peptide fragmentation spectra (MS/MS) were searched with MyriMatch algorithm v2.2 (Tabb et al., 2007) . MyriMatch was configured to derive fully-tryptic peptides with the following parameters: max 4 missed cleavages, max peptide length 75, minimum peptide length of 5 amino acids, maximum peptide mass of 10,000 Da, maximum number of charge states of 4, a precursor mass tolerance of 5 ppm (ppm), a fragment mass tolerance of 10 ppm, a static modification on cysteines (iodoacetamide; +57.0214 Da), and dynamic modifications on methionine (oxidation; 15.9949).
Protein inference and relative quantitation
Resulting peptide spectrum matches were imported, filtered and organized into protein identifications using IDPicker v.3.0 (Ma et al., 2009) . Across the entire experimental dataset, proteins were required to have at least 2 distinct peptide sequences and 9 minimum spectra per protein. These filters resulted in a final peptide-level FDR < 1%.
For label-free quantification, MS1-level precursor intensities were derived from IDPicker using IDPQuantify (Chen et al., 2013) . Extracted ion chromatograms were identified using the following parameters: 30 s lower and upper retention time tolerance and 10 ppm lower and upper chromatogram tolerance. Protein intensity-based values, which were calculated by summing together quantified peptides, were converted to standardized abundance values by dividing each protein abundance value by the summed sample intensity. Protein abundance values were then multiplied by a value (i.e., 10 8 ) for ease of data interpretation. The quantitative values were then log2-transformed for the purposes of the tests for differential abundance. Missing values were imputed by replacing null values with a constant value of 0.1. Using the freely available software Perseus (http://www.perseus-framework.org) (Tyanova et al., 2016) , we performed pairwise t-test comparisons to identify proteins having differential abundances between conditions.
High performance liquid chromatography
HPLC analysis of samples collected during shake flask experiments to evaluate metabolism of p-coumarate and ferulate was performed using an Agilent 1100 series system equipped with a fast acid column and a diode array detector and refractive index detector as previously C.W. Johnson et al. Metabolic Engineering Communications 5 (2017) 19-25 described .
Results
Crc regulates catabolic pathways using a multi-tier strategy targeting mRNAs that encoding transporters, transcriptional regulators, and enzymes (Hernández-Arranz et al., 2013) . With respect to metabolism of 4-HBA by P. putida KT2440, transporters PcaK and PcaP as well as the hydroxylase that converts 4-HBA to protocatechuate, PobA, have been predicted to be direct targets of Crc based on the close proximity of presumptive Crc binding sites to the translation initiation sites of the mRNAs that encode these proteins. (Browne et al., 2010; Hernández-Arranz et al., 2013) . PobA has also been shown to be transcriptionally regulated by Crc (Morales et al., 2004) though the nature of this regulation is unknown. In the case of vanillate, the transporter, VanP, transcriptional regulator, VanR, and one subunit of the vanillate-O-demethylase, VanA, have similarly been proposed to be direct targets of Crc (Browne et al., 2010; Hernández-Arranz et al., 2013) . To determine if these proteins or other proteins in the p-coumarate and ferulate catabolic pathways are subject to Crc regulation in the presence of more preferred substrates glucose and acetate in P. putida KT2440-CJ102, which has been engineered to produce muconate , we deleted the crc gene from this strain, generating KT2440-CJ238. These strains were then grown in minimal media containing either glucose or acetate and p-coumarate or ferulate and subjected to MS-based proteomics. Most of the transporters and transcriptional regulators were not identified in these experiments (Table S1 , Fig. S1 ), likely due to low expression or membrane localization that make them less suited for evaluation using standard proteomic methods, or because the genes encoding them had been deleted in this strain to enable muconate production (CatB, CatC, PcaHG). Similarly, PobA, VanA, and VanB were either not identified or detected at very low levels in conditions in which they would not be expected to be expressed-in the presence of ferulate for PobA and in the presence of p-coumarate for VanA and VanB. PobA, however, was clearly expressed at higher levels in the strain lacking Crc, KT2440-CJ239, relative to the parent strain, KT2440-CJ102, when grown in media containing glucose or acetate and p-coumarate ( Fig. 2A) . Similarly, VanA was more abundant in the Δcrc strain when grown in the presence of glucose or acetate and ferulate (Fig. 2B) . Expression of VanB appeared to be regulated similarly to VanA, but the difference was not statistically significant in the glucose condition (Fig. 2C) . Together, these results clearly demonstrate that expression of PobA and VanAB is subject to regulation by Crc. As such, we hypothesized that deletion of Crc might enhance the conversion of both p-coumarate and ferulate to muconate in the presence of glucose or acetate.
To test this hypothesis, we compared the performance of the Δcrc to its parent in shake flask experiments. We first examined the effect of crc deletion on conversion of 20 mM p-coumarate to muconate in the presence of glucose fed periodically to provide energy and carbon for growth. The deletion of crc in KT2440-CJ238 reduced the accumulation of the intermediate 4-HBA and subsequently increased muconate production, which reached a yield of 94.6 ± 0.6% (mol/mol) after 36 h, at which point the parent strain, KT2440-CJ102 yielded only 56.0 ± 3.0% (mol/mol) (Fig. 3) . More rapid metabolism of 4-HBA also resulted in greater accumulation of PCA, a bottleneck Sonoki et al. (2014) described a means of overcoming previously, which we have demonstrated to be quite effective in P. putida KT2440-derived strains engineered to produce muconate . The metabolic engineering strategies to overcome the PCA bottleneck were not incorporated in the strains examined here; the combination of these strains along with additional metabolic improvements will be reported in a forthcoming study reporting titer, rate, and yield optimization of 
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Time (h) Time (h) Concentration (mM), Growth (OD) Fig. 3 . Shake-flask evaluation of the effect of crc deletion on muconate production from pcoumarate by engineered P. putida KT2440 strains in the presence of glucose. Cultures were grown in M9 minimal medium containing p-coumarate and fed glucose periodically as a source of carbon and energy for growth and sampled to evaluate culture growth by OD 600 and the concentration of metabolites in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements. (A) KT2440-CJ102, (B) KT2440-CJ238, the Δcrc derivative of KT2440-CJ102.
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We then evaluated this strain in a similar shake flask experiment, feeding ferulate as a substrate for conversion to muconate in the presence of glucose. As with p-coumarate, we found that the conversion of ferulate to muconate was enhanced with deletion of crc as a result of more rapid metabolism of an intermediate, in this case vanillate, resulting in a 28.3 ± 3.3% (mol/mol) yield of muconate by KT2440-CJ238 after 72 h, compared to just 12.0 ± 2.3% (mol/mol) in the case of KT2440-CJ102 (Fig. 4) .
We next examined the effect of crc deletion on conversion of pcoumarate and ferulate to muconate in the presence of acetate, which represents an alternative to glucose as a cost-effective substrate that could be provided for energy and growth to P. putida strains engineered to produce muconate from aromatic molecules. We observed similar effects of crc deletion on conversion of both p-coumarate (Fig. 5) and ferulate (Fig. 6 ) to muconate when acetate was fed, although the effects were less pronounced than observed with glucose, perhaps due to differences in the induction of Crc by glucose and acetate and/or the difference in reducing power generated during their catabolism. KT2440-CJ238 yielded 47.7 ± 0.6% (mol/mol) from p-coumarate after 24 h compared to 40.7 ± 3.6% (mol/mol) by KT2440-CJ102 due to reduced accumulation of 4-HBA (Fig. 5) , although yields were roughly equivalent later because of a buildup of PCA in both cultures. From ferulate, KT2440-CJ238 ultimately yielded 16.9 ± 1.4% (mol/mol) after 72 h compared to 10.3 ± 0.1% by KT244-CJ102 due to more rapid metabolism of the vanillate (Fig. 6 ).
Discussion and conclusions
The impact that microbial production processes have had on humanity is a testament to the power and diversity of microbial metabolism and physiology. While many traits that have enabled the biological success of microbes in their native environments are undoubtedly central to such processes, the elimination of superfluous cellular processes could be beneficial to modern microbial cell factories, but must be weighed carefully. To this end, one approach has been to reduce the size of the genome. The recent report of the design and synthesis of a dramatically minimized Mycoplasma mycoides genome found that there was ultimately a tradeoff between genome size and growth rate (Hutchison et al., 2016) and similar effects have been observed upon genome reduction in E. coli (Kurokawa et al., 2016) . Genome reduction may also eliminate other traits that are beneficial both in nature and in biotechnological applications. Successfully enhancing microbial cell factories by eliminating unnecessary features of a genome without introducing deleterious effects has been demonstrated, though. Most notably with regard to P. putida KT2440, it was shown that deletion of 4.3% of the genome encoding 300 genes, including those required for the flagellar machinery, reduced growth lag and sensitivity to oxidative stress while increasing growth rate, biomass yield (Martínez-García et al., 2014) , and heterologous gene expression (Lieder et al., 2015) .
To maximize yield and productivity, the ideal biocatalyst would rapidly and simultaneously metabolize any and all carbon sources with which it is provided. CCR is generally inconsistent with this ideal and is of special concern if the aim is to utilize complex, heterogeneous feedstocks such as those often derived from biomass. With this in mind, here we have demonstrated that reducing CCR in P. putida KT2440 is beneficial for the conversion of less preferred substrates in the presence of substrates that are more preferred. The metabolism of both p-coumarate and ferulate were enhanced, leading to a subsequent increase in muconate production in the presence of glucose and acetate, co-feeds that are necessary for growth but, based on the data presented here,
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Time (h) Time (h) Concentration (mM), Growth (OD) Fig. 4 . Shake-flask evaluation of the effect of crc deletion on muconate production from ferulate by engineered P. putida KT2440 strains in the presence of glucose. Cultures were grown in M9 minimal medium containing p-coumarate and fed glucose periodically as a source of carbon and energy for growth and sampled to evaluate culture growth by OD 600 and the concentration of metabolites in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements. (A) KT2440-CJ102, (B) KT2440-CJ238, the Δcrc derivative of KT2440-CJ102.
A B p
KT2440-CJ102 KT2440-CJ238 ( crc)
Time (h) Time (h) Concentration (mM), Growth (OD) Fig. 5 . Shake-flask evaluation of the effect of crc deletion on muconate production from pcoumarate by engineered P. putida KT2440 strains in the presence of acetate. Cultures were grown in M9 minimal medium containing p-coumarate and fed acetate periodically as a source of carbon and energy for growth and sampled to evaluate culture growth by OD600 and the concentration of metabolites in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements. (A) KT2440-CJ102, (B) KT2440-CJ238, the Δcrc derivative on KT2440-CJ102.
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Time (h) Time (h) Concentration (mM), Growth (OD) Fig. 6 . Shake-flask evaluation of the effect of crc deletion on muconate production from ferulate by engineered P. putida KT2440 strains in the presence of acetate. Cultures were grown in M9 minimal medium containing ferulate and fed acetate periodically as a source of carbon and energy for growth and sampled to evaluate culture growth by OD600 and the concentration of metabolites in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements. (A) KT2440-CJ102, (B) KT2440-CJ238, the Δcrc derivative on KT2440-CJ102.
C.W. Johnson et al. Metabolic Engineering Communications 5 (2017) 19-25 clearly induce Crc-mediated regulation that is detrimental to the conversion of these lignin monomers. Based on the presence of the AANAANAA Crc-binding motif near their translation initiating ATGs, both PobA and VanA, as well as several transcriptional regulators (VanR) and transporters (VanP, PcaK, PcaP) that could affect expression and activity of PobA and VanAB, have been proposed as putative targets of Crc repression (Browne et al., 2010; Hernández-Arranz et al., 2013) . pobA has also been demonstrated to be transcriptionally regulated by Crc (Morales et al., 2004) . In the present study, we have confirmed the regulation of PobA and VanAB by Crc using MS-based proteomics (Fig. 2) . We were unable to identify the transcriptional regulators or transporters involved in the metabolism of 4-HBA or vanillate with the exception of the transcriptional regulator VanR, the expression of which did not obviously reflect regulation by Crc (Table S1 , Fig. S1 ). However, we believe PobA and VanAB are likely subject to multi-tier regulation by Crc as proposed by Hernández-Arranz et al. (2013) , the details of which could not be elucidated in the present study based on the conditions examined and methods employed. Similarly, we are unable to confirm or refute other proposed targets of Crc in the relevant pathways ( Fig. 1 ) based on our data (Table S1 , Fig. S1 ). In that light, it is striking that of proteins involved in these pathways that we were able to quantify in our proteomics data (Table S1 , Fig. S1 ), PobA, VanA, and VanB exhibit some of the clearest and most substantial regulation by Crc, which could suggest that these proteins represent the primary targets by which Crc regulates the pathways for catabolism of p-coumarate and ferulate. Interestingly, PobA and VanAB are the only enzymes in these pathways that require reducing equivalents for their activity. Because the purpose of carbon catabolite repression is to metabolize substrates judiciously based on the carbon and energy they yield, it might be beneficial to regulate these enzymes more tightly. It should also be noted that while we believe the increase in muconate demonstrated here is attributed to de-repression of 4-HBA and vanillate metabolism, it is likely that other enzymes in these pathways may have also been de-repressed. The effect of de-repressing other enzymes, however, could be masked in the presence of larger bottlenecks such as those caused by PobA and VanAB, but may become relevant if further engineering is performed to remove these bottlenecks, an endeavor we are currently pursuing. CatB, CatC, and PcaHG have been demonstrated to be targets of Crc by RT-PCR (Morales et al., 2004) , but the genes that encode these enzymes are deleted in the strains examined here to enable muconate production, so any impact of this regulation can not be evaluated using these strains. Thus, the full effect of global de-repression may be difficult to fully appreciate in any single experiment or condition, including those examined here. While the enhancement in muconate production with the deletion of crc is relatively modest in the shake flask experiments demonstrated here, such effects could be substantial in bioreactor cultivations. We believe it is worthwhile to consider whether the elimination of CCR might be beneficial in other biocatalytic systems. Indeed, many attempts to eliminate or rewire CCR in other systems have been described (Reviewed in Vinuselvi et al. (2012) ). While some of these have been successful, impaired growth resulting from metabolic de-optimization and/or the crosstalk between CCR and other cellular physiology is a pervasive complication. One of the unique aspects of Crc in pseudomonads is its apparent lack of involvement in other cellular processes critical for growth; as we have observed here and others have shown previously, growth on substrates such as glucose, succinate, acetate or benzoate is only marginally affected in mutants lacking Crc (Hernández-Arranz et al., 2013; La Rosa et al., 2015; Moreno et al., 2014; Sonnleitner et al., 2012) . In addition, deletion of crc was shown to double the amount of ATP and NADPH in strains grown on glucose and succinate by redirecting flux through central metabolism (La Rosa et al., 2015) . These findings and those described here make the deletion of crc an attractive target for those interested in engineering pseudomonads for efficient biocatalysis.
